To explore the role of LDL in caveolin-Ras regulation in human endothelial cells (ECs), we incubated confluent human umbilical vein endothelial cells (HUVECs) with LDL. This resulted in a high steady-state caveolin-1 (Cav-1) expression at both the mRNA and protein levels. LDL exposure appeared not to regulate the abundance of Cav-1. Immunofluorescence staining showed that Cav-1 protein migrated from the cytoplasm to the cell membrane after LDL exposure. Cav-1 protein and cholesterol partitioned mainly into the caveola fractions, and LDL increased both Cav-1 and cholesterol in these fractions. Ras protein in caveola fractions was also increased by LDL. Increased Ras was detected in Cav-1 immunoprecipitated samples, and conversely, increased Cav-1 was found in Ras-immunoprecipitated samples. We also demonstrated LDL-increased Ras activity in HUVECs by measuring the GTP/GTPϩGDP ratio of Ras with [ 32 P]orthophosphate labeling in the cells. Finally, we determined the binding of [ 3 H]-labeled free cholesterol and recombinant H-Ras to Cav-1 fusion proteins in vitro. Both cholesterol and Ras bound to full-length GST-Cav-1, scaffolding domain (61-101), and C-terminal (135-178) Cav-1 fusion peptides. Addition of cholesterol enhanced Ras binding to the full-length and scaffolding domain of Cav-1 but not to the C-terminal Cav-1. These findings strongly suggest a role for Cav-1 in cholesterol trafficking and cholesterol-mediated intracellular signaling, which may mediate EC activation by LDL. (Arterioscler Thromb Vasc
I n peripheral cells, exposure to elevated plasma cholesterol results in the selective uptake of free cholesterol from native LDL and in the stimulation of cholesterol efflux. 1 Regulation of cellular free cholesterol occurs as LDL levels are elevated over the physiological range, and this regulation has been linked to free cholesterol efflux in caveolae. 2 Caveolae are vesicular organelles representing a subdivision of the plasma membrane. They are abundant in endothelial cells (ECs) both in vivo 3 and in vitro, 4 where the rate of receptor-mediated endocytosis of lipoproteins such as LDL is low. 2 Numerous individual signal transduction molecules are located in caveolae and indicate that caveolae also serve to compartmentalize, modulate, and integrate signaling events at the cell surface. 5 Cholesterol can move bidirectionally between the endoplasmic reticulum and the plasma membrane. Furthermore, cholesterol is one of the major components of the caveola lipid core and has been shown to play a key role in regulating the activity of membrane transport proteins, receptors, and enzymes. 2, 5 Caveolin-1 (Cav-1) is a 21-to 24-kDa cholesterol-binding membrane protein that is a major structural component of caveolae. 6 Cav-1 appears to provide a direct means for resident caveola proteins to be sequestered within caveola microdomains. 7 Cav-1 may organize the formation of caveola microdomains and regulate caveola-related signaling events as it interacts with protein kinase C, Src-like kinases, Ras, and endothelial NO synthase. 7, 8 Ras, a small GTPase molecule, plays a key role in promoting cell responses to mitogens, cytokines, UV irradiation, and other environmental stresses. After synthesis and posttranslational modification, Ras moves to the plasma membrane. Cav-1 can bind Ras in vivo and in vitro, but whether Cav-1 transports Ras to caveolae or retains Ras within the caveolae is not clear. 9 Ras can trigger at least 3 diverging mitogen-activated protein kinase (MAPK) cascades, including the one operating through MAPK/extracellular signal-regulated kinase kinase-1 and c-Jun NH 2 -terminal kinase kinase to activate c-Jun NH 2 -terminal kinases (JNKs). Recently, we determined that LDL can activate nuclear c-Jun/AP-1 and JNK via Ras activation. 10, 11 Thus, we hypothesize that this activation occurs by a cholesterol-Cav-1 protein interaction. We postulate that LDL can increase cholesterol-Cav-1 binding and perturb the structure of caveolae in ECs. Because many receptor and signaling proteins are localized in caveolae, perturbation of caveolae by cholesterol from LDL probably initiates intracellular signaling, leading to cell activation.
Methods

Cell Culture and LDL Isolation
Human umbilical vein endothelial cells (HUVECs) were isolated and maintained in EC medium as described previously. 10 All experiments were performed with cells from passages 2 and 3 cultured to confluence before LDL treatment. The human hepatoma cell line HepG2 was purchased from ATCC and cultured in MEM supplemented with 5% FBS. LDL was isolated from nonfrozen human plasma as described. 10 For all studies, LDL was used at a final cholesterol culture concentration of 240 mg/dL (6.24 mmol/L).
Purification of Cav-1-Enriched Membrane Fractions
Cav-1-enriched membrane fractions were isolated from two 150-mm dishes of HUVECs by use of a modified detergent-free extraction procedure as previously described. 9 For analysis of the resulting gradient, fractions were collected from the top of the gradient, and 40 L of the fractions was subjected to SDS-PAGE. Subsequent Western blotting analyses with anti-Cav-1 antibodies were applied to establish Cav-1 abundance. Total cholesterol concentration of the different fractions was determined by an enzymatic assay. 12
Immunoelectron Microscopy
Immunoelectron microscopy was used to visualize Cav-1 in HUVECs. 13 Indirect immunostaining was performed with rabbit anti-Cav-1 IgG and a horseradish peroxidase-conjugated secondary antibody. After postfixing and peroxidase reaction, cells were embedded in epoxy resin, and thin sections were visualized with an electron microscope (Philips CM300).
In Situ Immunofluorescence Staining
HUVECs grown on chamber slides were exposed to LDL (240 mg/dL) for 2 or 18 hours. After exposure, the cells were fixed with 2% paraformaldehyde and stained with indirect immunofluorescence using rabbit anti-Cav-1 IgG and an FITC-conjugated secondary antibody against rabbit IgG. The results were observed under a fluorescence microscope. 14
Immunoprecipitation and Western Blotting Analysis
Protein isolation and coimmunoprecipitation (co-IP) were performed as previously described. 15, 16 Briefly, cell lysates were harvested in a buffer containing 50 mmol/L HEPES (pH 7.5), 125 mmol/L NaCl, 0.5% CHAPS, 1 mmol/L EDTA, 2 mmol/L DTT, and protease inhibitors. The membrane and cytosolic proteins from whole-cell lysate or from the ultracentrifugation-derived fractions were isolated. 16 After the sample had been precleared with protein A/G plus agarose, aliquots of the supernatant were incubated with anti-Cav-1 or anti-Ras IgGs for 1 hour at 4°C. Then, protein A/G plus agarose was added for an additional hour of incubation at 4°C. Bound immune complexes were washed 3 times with the lysis buffer and then once with 50 mmol/L Tris-HCl (pH 7.4) and 150 mmol/L NaCl. Western analyses with antibodies against Cav-1 and H-Ras were performed as previously described. 11
Northern Hybridization
Total RNA isolation and Northern analysis for Cav-1 expression were performed. 10 The Cav-1 cDNA probe was generated as described previously. 17
Ras Activation Assay
Confluent HUVECs were labeled with 0.2 mCi of [ 32 P]orthophosphate/mL for 4 hours in a phosphate-free EC medium. After labeling, the cells were exposed to phosphate-free LDL (240 mg/dL) for various time periods. Cell lysates were harvested, and Ras proteins were immunoprecipitated. Then, bound guanine nucleotides were eluted from the precipitated protein complexes and analyzed by thin-layer chromatography. 18 Ras GDP and GTP contents were assessed by autoradiography, and the ratio of GTP to GTPϩGDP was determined by densitometry.
GST-Cav-1 Fusion Proteins and Cholesterol or H-Ras Binding Assay
The constructs of GST-Cav-1 fusion proteins encoding full-length Cav-1 and peptides corresponding to N-terminal residues (1 to 21, 1 to 81, and 61 to 101) and C-terminal residues (135 to 178) were provided by M. Lisanti (Albert Einstein College of Medicine, Bronx, NY). The expression and purification of the fusion proteins were conducted as previously described. 9 Purified GST-Cav-1 fusion proteins (0.2 nmol) bound to GSHagarose beads were prewashed with a binding buffer containing proteinase inhibitors. 9, 19 Equimolar diluted [ 3 H]cholesterol or 0.5 g of recombinant wild-type H-Ras (Oxford Biomedical Research, Inc) was added to the protein-bound beads in 0.5 mL of buffer. After rotation in 4°C for 16 hours, the bound complexes were washed 6 times with cold PBS. To measure the cholesterol binding on Cav-1, the [ 3 H]cholesterol bound to GST-Cav-1 was eluted with a buffer containing 10 mmol/L reduced glutathione. The abundance of cholesterol on Cav-1 fusion proteins was determined by liquid scintillation counting. To measure H-Ras binding on Cav-1, the H-Ras bound to GST-Cav-1 was eluted and a Western analysis with antibody against Ras was performed.
Results
LDL Increases Cellular Cholesterol Content in ECs
We previously reported that incubation of ECs with LDL increased cellular cholesterol content and cholesterol phospholipid molar ratios of the EC membrane. 12 To determine the time course of this effect, we treated HUVECs with LDL for 30 minutes to 2 days. LDL exposure increased cellular cholesterol content within 30 minutes, and the cholesterol level remained elevated for at least 2 days. As seen in Figure  1 , the total cholesterol level in LDL-exposed cells increased 38% in 30 minutes and 49% in 3 hours compared with control (PϽ0.05). Furthermore, after 6 to 48 hours of LDL exposure, the ratio of cholesterol in the LDL-exposed samples over control ranged from 153% to 174%.
LDL Increased Abundance of Cholesterol and Cav-1 Protein in Caveolae
To determine how LDL affected the levels and distribution of cholesterol and Cav-1 in caveolae, cell fractions were isolated from ECs after LDL exposure. 9 Cholesterol was present mainly in fractions 4 to 6, which contain most of the caveola membrane. After a 2-hour exposure of HUVECs to LDL, the cholesterol content in those fractions increased substantially (Figure 2A ). Western blot analysis showed that the Cav-1 protein was also located mainly in fractions 4 to 6, whereas the majority of total cell proteins were in fractions 9 to 13, determined by Coomassie blue staining of the SDS-PAGE. The Cav-1 protein in fractions 4 to 6 was increased after 2 hours of LDL exposure ( Figure 2B ). Similar results were observed when HUVECs were exposed to LDL for 24 hours (data not shown). To ascertain that the change of cholesterol distribution was directly associated with Cav-1 in HUVECs, a hepatoma cell line (HepG2) was used as a negative control, because we did not detect Cav-1 in either mRNA or protein levels in this cell line (data not shown). Correspondingly, we did not detect any Cav-1 protein in any of the fractions, and the pattern of cholesterol distribution after fractionation in HepG2 cells was different from that in HUVECs ( Figure 2 ). Furthermore, to quantitatively compare the abundance of Cav-1 in the fractions in HUVECs, we pooled fractions 1 to 3, 4 to 6, and 7 to 9 and then concentrated the proteins from the fractions. The Cav-1 protein in equal amounts of protein from different fractions was measured by Western blot analysis. As shown in Figure 2C , LDL exposure increased the Cav-1 protein abundance in caveola fractions compared with control by Ϸ47%.
LDL Increases Cav-1 Membrane Translocation but Does Not Affect Cav-1 Protein Synthesis
The accumulation of Cav-1 in caveolae after LDL exposure could be the result of either altered protein trafficking or increased de novo protein synthesis. To investigate whether LDL regulates Cav-1 at the mRNA or protein synthesis level, we incubated confluent HUVECs with LDL from 0.5 to 24 hours. In untreated cells, both Northern and Western analyses showed a high expression level of Cav-1, and immunoelectron microscopy with an anti-Cav-1 antibody also showed an abundance of caveola microstructures, which represent plasma membrane-bound vesicles 60 to 80 nm in diameter (data not shown). LDL exposure up to 24 hours did not appear to regulate the level of Cav-1 mRNA or protein in HUVECs. However, the results of in situ immunofluorescence staining with an anti-Cav-1 antibody showed that Cav-1 protein migrated from the cytoplasm to the cell membrane after 2 to 18 hours of LDL exposure (Figure 3) . Thus, LDL-regulated Cav-1 trafficking in human ECs is not due to increased de novo protein synthesis but rather to movement of preexisting Cav-1 protein from the cytoplasm to the membrane caveola microdomains.
Ras Is Coupled With Cav-1 and Can Be Enriched in Caveolae by LDL
Ras plays a key role in promoting cell responses to environmental stresses. After synthesis on free cytoplasmic ribosomes, Ras moves to the plasma membrane, where it is activated. To explore whether LDL affects Ras within ECs, we exposed HUVECs to LDL for different times and then measured Ras in whole-cell lysate and in the cell membrane. We did not detect any change in the amount of Ras protein in the whole-cell lysate up to 6 hours. However, Ras abundance in the cell membrane increased at 0.5 hour, reached a peak in 1 to 2 hours, and returned to basal level in 6 hours. Under the same conditions, Cav-1 translocation to the cytoplasmic membrane occurred in a sustained pattern after LDL exposure. The abundance of Cav-1 in the membrane increased HUVECs grown on slide chambers were exposed to LDL (240 mg/dL) for 2 hours or 18 hours as indicated. The cells without LDL exposure served as control. After fixation, the cells were stained with a rabbit anti-Cav-1 IgG and an FITCconjugated secondary antibody against rabbit IgG. The results were obtained by immunofluorescence microscopy. Results shown are representative of 3 independent experiments. after 0.5 hour and remained at a high level at 6 hours (data not shown). In addition, using the detergent-free sucrose gradient method to isolate cell fractions, we detected Ras in the caveola-enriched fractions (5 to 6) as well as in the bottom fractions (11 to 12). LDL exposure significantly increased Ras in the caveola-enriched fractions ( Figure 4A ). To ascertain whether Ras and Cav-1 are directly associated with and enriched by LDL in ECs, we performed a cross-IP of Cav-1 and Ras with the caveola fractions. The direct association of Cav-1 and Ras in caveolae was confirmed in human ECs, because Ras could be detected in the Cav-1 IP samples and Cav-1 in Ras IP samples. The results also showed that LDL enriched the abundance of Ras in Cav-1 IP samples and vice versa ( Figure 4B) . These data not only demonstrated that Ras bound directly to Cav-1 in human ECs but also showed that the abundance of Ras in caveolae was increased by LDL exposure.
LDL Activates Ras in Human ECs
To study whether LDL can activate Ras in ECs, we measured activation of Ras in LDL-exposed HUVECs by analysis of the change in GTP to GTPϩGDP ratio in Ras protein. After labeling with [ 32 P]P i in a phosphate-free medium, the cells were exposed to LDL or phorbol 12-myristate 13-acetate (PMA) for different times. Cell proteins were extracted, and Ras protein was immunoprecipitated. The bound guanine nucleotides were eluted from the IP protein complexes and separated by thin-layer chromatography. As shown in Figure  5 , the ratio of GTP/GTPϩGDP in the LDL-exposed sample was increased at 30 and 60 minutes, whereas PMA increased the ratio in 5 minutes and returned to basal level within 30 minutes. Taken together, the data from Figures 4 and 5 demonstrate that LDL promotes Ras activation and membrane translocation in human ECs.
Cholesterol and Ras Associate to Same Domains of Cav-1 Protein, and Cholesterol Increases Ras-Cav-1 Association
To evaluate the effect of cholesterol on Cav-1-Ras interaction, we used the recombinantly expressed full-length Cav-1 and portions of Cav-1 as GST fusion proteins produced in Escherichia coli. These GST-Cav-1 fusion proteins were constructed and characterized previously 9 (also see Figure  6A , top) and were incubated with purified wild-type H-Ras in vitro. H-Ras interacted specifically with both full-length Cav-1 and the scaffolding domain (61 to 101) as reported. 9 Surprisingly, H-Ras also interacted with C-terminal (135 to 178) Cav-1 fusion peptides, as shown in Figure 6A (bottom) . This effect was not due to nonspecific binding, because H-Ras did not bind to the other 2 N-terminal Cav-1 fusion peptides (1 to 21, 1 to 81). To directly confirm cholesterol association with Cav-1, the binding of [ 3 H]-labeled free cholesterol to recombinant Cav-1 fusion proteins was determined in vitro. As shown in Figure 6B , cholesterol interacted with full-length GST-Cav-1 and scaffolding domain (61 to 101) and C-terminal (135 to 178) Cav-1 fusion peptides but not to the other 2 N-terminal Cav-1 fusion peptides (1 to 21, 1 to 81). When H-Ras and the Cav-1 fusion proteins were incubated with increasing amounts of free cholesterol, cholesterol enhanced H-Ras interaction with full-length GST-Cav-1 and the scaffolding domain (61 to 101) but had little effect on H-Ras interaction with C-terminal (135 to 178) Cav-1 fusion peptides ( Figure 6C) . The cholesterol-enhanced H-Ras-Cav-1 interaction in the Cav-1 scaffolding domain suggests a role for cholesterol interaction with Cav-1 interacting proteins, including Ras, through binding to Cav-1 within the same domain. . The colocalization of Ras and Cav-1 in caveolae in LDL-exposed HUVECs. A, HUVECs were exposed to LDL for 2 hours, and cell fractions were isolated as described in Figure 2 . Fractional proteins were grouped and concentrated. Proteins (5 g/lane) were separated by electrophoresis, and Ras protein was detected by Western analysis. B, The Cav-1 or Ras proteins from fractions 5 and 6 above were immunoprecipitated by the corresponding antibodies, separately. The precipitated proteins in each group were separated by electrophoresis, and the Cav-1 or Ras protein was detected by Western blot analysis. Results shown are representative of 3 independent experiments.
Figure 5.
Ras activation by LDL in HUVECs. HUVECs were labeled with [ 32 P]orthophosphate for 4 hours in a phosphate-free medium. The labeled cells were exposed to LDL (240 mg/dL) or PMA (50 ng/mL) for different times. Cell proteins were extracted, and Ras was immunoprecipitated with an anti-Ras antibody. The bound guanine nucleotides were eluted from the immunoprecipitated protein complexes and separated by thin-layer chromatography. The GDP and GTP contents were assessed by autoradiography. The ratio of GTP to GTPϩGDP was determined by densitometry. Data presented are representative of 2 independent experiments.
Discussion
Numerous articles, including our own, have demonstrated that LDL, a risk factor for atherosclerosis, is an EC activator. 10 -12,20 In this report, evidence is presented showing a mechanism whereby LDL can initiate an intracellular signaling pathway leading to cellular phenotype modulation. Thus, we hypothesize that cholesterol is a biologically active molecule in LDL that initiates cell activation. Among the implications of this hypothesis is the possibility not only that LDL and serum cholesterol are risk factors for development of atherosclerosis but also that cholesterol can act directly as an atherogenic causative factor. In testing this hypothesis, we observed that LDL increases cholesterol in the cell membrane, mainly in the caveola fractions. LDL promotes the migration of Cav-1 protein from the cytosol to the cell membrane caveolae. As an important signaling mediator, Ras was activated by LDL and was also translocated to the caveola fractions associated with Cav-1 in LDL-exposed ECs. This is the first report showing the interaction of caveolin, cholesterol, and Ras in a model simulating a pathophysiological circumstance. Our findings strongly suggest a role for cholesterol-Cav-1 interaction in localizing Ras to the plasma membrane and enabling its signaling activity in ECs.
Prolonged incubation of ECs with LDL increased cellular cholesterol content and cholesterol/phospholipid molar ratios in the EC membrane, resulting in a reduction in relative EC plasma membrane fluidity. 12 In the present report, LDL can increase cellular cholesterol in ECs as early as 30 minutes. The increase in cholesterol is located mainly in membrane caveolae. Cav-1 protein in caveolae also appears to be increased by LDL. Thus, LDL promotes Cav-1 protein translocation to membrane caveolae in human ECs. Pharmacological lowering of intracellular cholesterol levels decreases lipid-anchored membrane proteins clustering properly in caveolae, disassembles invaginated caveolae in the cell membrane, and decreases caveola-mediated intracellular and transcellular transport of macromolecules. 21, 22 These effects are consistent with the findings in this report. However, this report is the first demonstration that raising cellular cholesterol increases the membrane translocation of caveolin in human vascular ECs.
LDL/cholesterol loading upregulated Cav-1 mRNA and protein levels in fibroblasts and in bovine aortic ECs. 23, 24 However, we did not observe this pattern in human ECs with LDL exposure up to 24 hours using medium containing 20% FBS. These disparities are most likely due to cell type and culture conditions, which may, in turn, affect the abundance of Cav-1 and its response to extracellular stimuli. In our experiments, we used ECs in an early passage (passage 2 or 3). In these cells, high basal levels of Cav-1 were detected by both Northern and Western blots. However, serum deprivation for 24 hours lowered both Cav-1 mRNA and protein levels. This decrease was reversed by addition of LDL or medium containing 20% FBS (unpublished observation). Our experiments demonstrate that LDL-dependent regulation of Cav-1 can be due to enhanced Cav-1 translocation to membrane caveolae without de novo synthesis.
Cav-1 is postulated to organize formation of caveola microdomains and to regulate caveola-related signaling events, such as protein kinase C, Src-like kinases, Ras, and endothelial NO synthase. 5, 7, 8 Because the structure and function of caveolae are sensitive to the amount of cholesterol in the membrane, there may be a direct link between the concentration of membrane cholesterol and the activation of the caveolin-interacting proteins, such as Ras. Depletion of cellular cholesterol lowered the cholesterol level of the caveola fractions. It also caused a reduction in amount of several key protein components of the MAPK complex, including Ras. 25 Here, LDL increased the amount of cholesterol, Cav-1, and Ras in caveolae. This Ras translocation is probably associated with Cav-1 movement in ECs. These results support the notion that Cav-1 can function as a plasma membrane platform to localize caveolin-interacting signaling molecules, such as Ras, within caveola membranes. 9 Recently, Roy et al 26 reported that in hamster kidney cells, dominant-negative caveolin-3 completely blocked Raf activation mediated by H-Ras, and the inhibitory effect was reversed by replenishing cell membranes with cholesterol. Their results provide a link between the roles of caveolin in cholesterol trafficking and in Ras signal transduction. Consistent with their study, we found that elevating cellular cholesterol levels in human ECs could promote the translocation of Cav-1 and its binding signaling molecules, such as Ras, into caveolae, where cell signaling is triggered. Our results impart a pathophysiological significance to this link. Serum LDL has a direct correlation with the development of atherosclerosis, and overaccumulation of cellular cholesterol is common in cells within atherosclerotic lesions. Thus, cellular cholesterol levels and subsequent effects on caveolin trafficking may participate in the regulation of Ras and potentially other signaling molecules known to bind to caveolin.
We used a series of purified Cav-1 deletion mutants and [ 3 H]-labeled free cholesterol to examine the cholesterol binding domains of Cav-1. The full-length Cav-1 showed the highest cholesterol-binding activity. Cholesterol also bound to the 2 Cav-1 mutants: a C-terminal domain peptide (135 to 178) and a scaffolding domain peptide (61 to 101). This result provides the first evidence showing that cholesterol binds to both the C-terminal lipid-binding sites and the scaffolding domain. These 2 domains also contribute to the membrane attachment of Cav-1. 27 Thus, cholesterol may mediate Cav-1 membrane attachment via both domains. Furthermore, we observed that the C-terminal domain of Cav-1 also interacted with Ras. Addition of cholesterol increased the interaction of Ras with the scaffolding domain but not with the C-terminal component of Cav-1. It is known that the scaffolding domain of Cav-1 associates with inactivated Ras, 9 but the function of the Cav-1 C-terminal domain for Ras needs further study. Nevertheless, because the scaffolding domain of Cav-1 binds signaling molecules, including Ras, and cholesterol can enhance Ras interaction with that part of Cav-1, interaction between these proteins and cholesterol, with the consequent signaling effects, will be an important issue in cholesterolinduced cell activation.
In view of our results, we postulate a hypothesis: In ECs, Cav-1 may function as a plasma membrane platform to localize caveolin-interacting signaling molecules, such as Ras, within caveola membranes. High concentrations of LDL elevate cellular cholesterol levels and promote the translocation of Cav-1 and its associated signaling molecules into caveolae, where cell signaling mediated by Ras is initiated. Ras activation, in turn, activates the JNK-c-Jun pathway. 10, 11 
